Shot noise suppression in double barrier resonant tunnelling diodes with a Fano factor well below the value of 0.5 is theoretically predicted. This giant suppression is found to be a signature of coherent transport regime and can occur at zero temperature as a consequence of Pauli principle or at sufficiently high temperatures above 77 K as a consequence of long-range Coulomb interaction. These predictions are in agreement with experimental data.
Since its realization [1] , the double barrier resonant diode (DBRD) proved to be an electron device of broad physical interest because of its peculiar non-Ohmic current voltage (I-V) characteristic. Indeed, after a strong superOhmic increase of current, it exhibits a negative differential conductance and eventually hysteresis effects [2] . Even the shot noise characteristics are of relevant interest, since suppressed as well as enhanced shot noise with respect to its full Poissonian value has been observed (see [3] for a review on the subject). These electrical and noise features are controlled by the mechanism of carrier tunnelling through the double potential barriers. The microscopic interpretation of these features is found to admit a coherent [4] or a sequential [5] tunnelling approach. The intriguing feature of these two approaches is that from the literature, it emerges that both of them explain the I-V experimental data as well as most of the shot noise characteristics. Therefore, to our knowledge, there is no way to distinguish between these two transport regimes and the natural question whether the tunnelling transport is coherent or sequential remains an unsolved one.
The coherent approach to shot noise in DBRD has received wide attention since the first experimental evidence by Li et al [6] of shot noise suppression with a minimum value of the Fano factor γ = S I /(2qI ) = 0.5, where S I is the current spectral density and q the absolute value of the unit charge responsible of current. Remarkably, most of the coherent approaches developed so far predict a maximum suppression γ = 0.5 even if there is clear experimental evidence of suppression below this value (here referred as giant suppression) [7] [8] [9] down to values of γ = 0.25 [8, 9] . To this purpose, some authors obtained theoretical values of the Fano factor just below the value of 0.5, 0.45 [10] and 0.38 [11] , respectively. However, the physical interpretation of these results remains mostly qualitative and quoting [3] this direction of research looks promising but certainly requires more efforts.
In this letter, we announce that a giant suppression of shot noise occurring before the peak value of the current is a signature of coherent transport in DBRDs. To this purpose, we present a theoretical model which predicts this phenomenon and is validated by experiments.
The typical structure here investigated is the standard symmetric double well reported in figure 1 . We denote by = L + R the resonant states width and by ε r the energy of the resonant level as measured from the centre of the potential well. Here L,R are the partial widths due to the tunnelling through left and right barrier, respectively. For simplicity, we consider the case of coherent tunnelling when there is only one resonant state with L = R = /2 and we take unit square contacts. The kinetic model is developed by assuming that the electron distribution functions in the emitter and in the collector of the DBRT are equilibrium-like, with different electro-chemical potentials F i :
here i = L stands for the emitter, i = R for the collector; k B is the Boltzmann constant, T the temperature and ε the kinetic carrier energy. The double barrier transparency D(ε z ) can be written in the following form:
where ε z,⊥ are the energies for electron motion perpendicular and along barriers, and u is the voltage drop between the emitter and the centre of the potential well (see figure 1 ). For the current flowing from the emitter to the collector we found
with m the carrier effective mass andh the reduced Planck constant.
The relation between u and the total applied voltage V is given by
where C L,R are the capacitances corresponding to the emitter and the collector junctions, and Q QW = q N 
In the right-hand side of equation (5), the first term is the contribution of electrons inside the energy interval in which there are electron fluxes from the emitter and the collector to the quantum well; the second term corresponds to the energy interval where there is only one electron flux from the collector to the quantum well.
To calculate noise, we shall use the wave packet approach [12] here implemented to account for the self-consistent potential following the theory developed for the vacuum diode [13] . Accordingly, for the spectral density of current fluctuations, we obtain
with q ± eff the dimensionless effective charge accounting for the self-consistent potential [14] 
When q ± eff = 1, the self-consistent potential is neglected and equation (6) coincides with that derived by [12] . At zero applied voltage, equation (6) satisfies the Nyquist theorem. Furthermore, the same equation gives S I = ∞ on the border of the instability region where also dI/dV = ∞. Both tests, by recovering expected features of the spectral density, prove the physical reliability of the present approach.
We now consider the case of zero temperature where Pauli principle is expected to play a dominant role. In this case, only such states for which f L = 1 and f R = 0 take part to the current transmission. Therefore, the second term in the right-hand side of equation (6) is zero and from equation (7), we see that q + eff = 1. These conditions are valid everywhere with exception of the border stability region where dI/dV = ∞ = q + eff . In other words, as expected, long-range Coulomb interactions are suppressed at zero temperature. Then, we analyse the case of high applied voltages, when qV > F R , because it is that more close to experiments, and for convenience, we express the applied voltage and the electrochemical potentials by the dimensionless parameters: Figure 2 reports the current ( figure 2(a) ) and the Fano factor γ (ξ) ( figure 2(b) ) as the function of ξ for different values of f . Curves labelled 1, 2 and 3 correspond to f = 1, 15 and ∞, respectively. The current exhibits the well-known peaked behaviour reducing to zero at the highest voltages because we neglect resonant states above the first one. Of interest is the behaviour of the Fano factor in figure 2(b) . The common features of all curves is the presence of a minimum of γ near to the current peak and the evidence of full shot noise in regions where the current is relatively small. Remarkably, the minimum value of the Fano factor is found to be always less than 0.5, taking the value 0.391 at ξ = −0.801 for f = ∞ and being systematically lower than this value at decreasing value of f . More precisely, for f = ∞ the current increase towards the peak is widely broadened in the positive differential conductance region and, in close analogy with the one-dimensional system considered [15] , the Fano factor takes the universal expression: We remark that experiments at temperatures around 4 K [6] , by exhibiting γ = 0.5 fall inside the case of f → ∞ and well agree with the present model. In particular, the minimum value of suppression γ = 0.391 is in agreement with the value of 0.35 found in experiments [7] . From figure 2(b), it is clear that by decreasing the value of f also the minimum of the Fano factor decreases systematically up to a zero value. To understand the physical reason of this behaviour, we discuss the limiting condition when f 1. In this case, the width of the electron energy distribution is lower than that of the resonant state. As a consequence, the transmission probability becomes the same for all the electrons and we obtain the standard partition expression for the Fano factor [12] 
is close to unity γ tends to zero as found by Lesovik [16] for the analogous case of a quantum point contact. We conclude, that the main reason for shot noise suppression in DBRDs at zero temperature is connected with Pauli principle and, because of the coherent tunnelling regime, the Fano factor can take values significantly lower than 0.5 near to the current peak.
For relatively high temperatures (i.e., 77 K), the Coulomb interaction is expected to play the main role in suppressing shot noise. The present coherent approach in the limit of Boltzmann statistics yields for the Fano factor: where the suppression is found to be controlled by the differential conductance dI/du as expected [13] . For suitable parameters of the DBRD, the above equation predicts the possibility of a giant shot noise suppression to values of the Fano factor well below the value of 0.5, in contrast to what found for the sequential tunnelling model where at most suppression is of 0.5. The above possibility has been verified by room temperature experiments in a DBRD with barriers sufficiently thin to expect coherent tunnelling. The structure consists of two 2 nm AlAs layers separated by 6 nm InGaAs quantum well [17] . Measurements are carried out using a noise figure meter (XK5-49) , that allows to measure simultaneously noise figure and power gain of two-port networks in the 50 feed circuit. Simultaneously with the noise, the I-V curve was measured. Noise measurements at frequencies 60 and 200 MHz showed the same results within an experimental uncertainty at worst of 20%, thus indicating that 1/f noise contribution is negligible. Figure 3 reports the I-V characteristics (see figure 3(a) ) and the Fano factor (see figure 3(b) ). Here the I-V characteristic [see figure 3(a) ] shows a region of positive differential conductance (pdc) up to about 0.7 V followed by an instability region terminated around 1.3 V as reported in the insert of figure 3(a) . In the same pdc region, the Fano factor is found to exhibit a suppression with a minimum value of about 0.4 around 0.6 V [see figure 3(b) ]. Present theory is compared with experiments in the positive differential resistance region of the I-V characteristic. Theoretical calculations performed on the basis of equations (3) and (6) . The values of C L and C R are optimized for the fitting, while other parameters are typical of the materials used for DBRDs. The agreement between theory and experiments catch the relevant features of the experiments and is considered to be satisfactory for the purpose of the paper. Thus, the comparison between theory and experiments supports the physical interpretation of the giant suppression of shot noise in DBRDs and in particular confirms that coherent tunnelling occurs under such a condition.
The reason why shot noise suppression is more effective for coherent than for sequential tunnelling can be physically explained as follows. Starting from the fact that the two mechanisms responsible for shot noise suppression are Pauli principle an Coulomb interaction, we note that both of them act simultaneously for coherent and sequential tunnelling. Let us consider the first of them, which is the most relevant at zero temperature, in the case when the Fermi energy is so small that all the electrons exhibit the same transparency. For coherent transport, it is possible to have the transparency equal to unity, which implies γ = 1 − D according to Lesovik findings [16] . For sequential transport, the total transparency is always less than unity, since the flux of electrons reflected by the barrier always exists. As a consequence, under coherent transport for the case D = 1, there is no noise; by contrast, under sequential transport the presence of scattering always introduces noise. This example illustrates why Pauli principle is more efficient in suppressing shot noise under coherent than sequential transport. By considering Coulomb interaction, which is more relevant at higher temperatures, we recall that in the absence of collisions it provides giant shot noise suppression as in the vacuum tubes [13] because electron reflection in this case is due only to Coulomb interaction. It is clear that the presence of scattering provides additional random mechanisms for electrons returning to the emitter and, therefore, provides additional source of noise. Even this example shows that Coulomb interaction is more efficient in suppressing shot noise under coherent than sequential transport.
In conclusion, we have investigated coherent tunnelling by implementing the wave packet approach for transport in DBRDs that includes both Pauli principle and long-range Coulomb interaction. In agreement with existing results, we have found that around zero temperature shot noise is suppressed because of Pauli principle alone. Moreover, under normal conditions (i.e., f → ∞) the suppression exhibits a Fano factor of 0.5 in a wide region of applied voltages, with a minimum of 0.391 near the current peak in agreement with experiments. Interestingly, we have found that shot noise can be suppressed well below the value of 0.5 also because of Coulomb interaction. This giant suppression is here confirmed by experimental measurements performed at room temperature. Therefore, shot noise suppression below onehalf of the full Poissonian value is proven to be a signature of coherent tunnelling against sequential tunnelling in double barrier resonant diodes. We finally want to stress that the main reason of the difference between these approaches stems from the fact that the sequential tunnelling is based on a master equation [18, 19] for treating fluctuations of carrier numbers inside the quantum well while coherent tunnelling uses the quantum partition noise within the wave-packet approach [12] . The master equation describes implicitly a sequential mechanism for a carrier entering/exiting from the well and, as a consequence, its intrinsic limit coincides with that of two independent resistors (or vacuum diodes) connected in series and each of them exhibiting full shot noise. This system yields a maximum suppression of shot noise down to the value of 0.5. By contrast, partition noise, inherent to the wavepacket formalism, can be fully suppressed down to zero in the presence of a fully transparent barrier and/or of Coulomb interaction like in vacuum diodes.
